Abstract -BaSi 2 is a new candidate for the absorber in earthabundant thin-film solar cells. In this study, we found that carrier density in evaporated BaSi 2 films can be controlled by deposition rate. First, it is shown that BaSi 2 films are formed at a high average deposition rate up to 2.8×10 3 nm/min at 600 and 650 ˚C. Then, by Hall measurement, carrier (electron) density is shown to decrease with increasing deposition rate. The origin of the carrier is discussed considering the crystal quality evaluated by Raman spectroscopy. At last, using the lowest carrier-density film, rectification by n-BaSi 2 /p + -Si diode is demonstrated. Index Terms -barium silicide, silicide semiconductor, vacuum evaporation, electrical property.
I. INTRODUCTION
The BaSi 2 semiconductor is an interesting new material for earth-abundant thin-film solar cell applications, because of its suitable band gap of 1.1-1.3 eV [1] - [3] , high optical absorption coefficients (α > 10 4 cm −1 for a photon energy of > 1.4 eV [2] , [3] ), and long minority-carrier diffusion length (L = 10 μm [4] ) and lifetime (τ ≤ 14 μs [5] ) as well as the abundance of constituent elements in the earth's crust. In particular, the coexistence of high α and L values is a notable feature of this material [6] , which is enabled by its electronic band structure involving the direct transition energy slightly larger than the fundamental indirect gap energy [7] . Very recently, a power conversion efficiency of 9.0% has been reported for an epitaxial p-type BaSi 2 /n-type Si heterojunction solar cell [8] , which has demonstrated the high potential of BaSi 2 for solar cell applications.
BaSi 2 epitaxial films can be grown on Si substrates by molecular beam epitaxy [9] , [10] , and have been used for fundamental studies. For practical applications, however, a more simple and high-speed process is favorable. We are therefore developing a thermal evaporation technique for BaSi 2 . So far, we have realized BaSi 2 films on various substrates such as Si [11] , [12] , glass [3] , and CaF 2 [13] , and have revealed the BaSi 2 formation mechanism [3] , [11] , [12] , [14] . Evaporated BaSi 2 films have suitable optical properties for solar cell applications [3] , consistent with previous reports [1] , [2] . We have also investigated electrical properties using the BaSi 2 
II. EXPERIMENTAL METHODS
In a high-vacuum chamber, BaSi 2 granules (0.050 g) were melted by resistive heating of a tungsten boat. The vapor was deposited on a heated p-type Si(100) substrate at a substrate temperature (T sub ) of 550-650 ˚C. Substrate resistivity was 1-30 Ω⋅cm for structural and electrical characterizations while it was 0.0080-0.0180 Ω⋅cm for an abrupt n-BaSi 2 /p + -Si junction. Deposition rate was changed by the heating current of the boat. Average deposition rate (R) was estimated by dividing the film thickness by evaporation time. A controlled range of R was 64-2.8×10 3 nm/min. The structure of fabricated films was characterized by grazing-incidence X-ray diffraction analysis (XRD; Bruker Discover D8) with Cu Kα radiation, Raman spectroscopy (Renishaw inVia Raman microscope) with a diode laser (λ = 488 nm), and scanning electron microscopy (SEM; JEOL JSM-7001FA). SEM was operated at an acceleration voltage of 15 kV. Electrical properties were analyzed by Hall measurement using the van der Pauw method. Since the substrate resistivity is not high it is possible that carrier density determined by Hall measurement is somewhat overestimated due to current leakage. Current-voltage characteristics of the n-BaSi 2 /p + -Si junction were measured using a source meter (ADCMT 6241A). Al ohmic contact was formed on the BaSi 2 layer by sputtering while Au-Ga ohmic contact was formed on the back surface of the p + -Si substrate by thermal evaporation.
III. RESULTS AND DISCUSSION
First of all, we investigated the crystal structure of evaporated films by XRD. Fig. 1 shows the XRD patterns of selected films fabricated at T sub = 550 and 650 ˚C. At T sub = 550 ˚C, all peaks are attributed to BaSi 2 when R = 64 nm/min, indicating the formation of a single-phase BaSi 2 film. With increasing R to 840 nm/min, however, BaSi and Ba 5 Si 3 coexist with BaSi 2 , showing that a homogeneous BaSi 2 film is not obtained at a too high deposition rate. On the other hand, at T sub = 650 ˚C, a single phase of BaSi 2 is formed at R = 840 nm/min. Moreover, at an even higher deposition rate of R = 2.8×10 3 nm/min, all peaks are attributed to BaSi 2 . Under the present condition, BaSi 2 films were formed also at 600 ˚C, independent of R. This result indicates that high T sub is necessary to form a BaSi 2 film at high R, which is consistent with the BaSi 2 film formation mechanism previously reported by us [3] , [11] , [12] , [14] . Because the vapor which reached on the substrate is Ba-rich in composition [3] and, moreover, the composition changes with time [11] , diffusion is a requisite process for single-phase BaSi 2 formation. The present results indicate that more time for diffusion is necessary to form BaSi 2 at lower T sub . Fig. 2 displays the cross-sectional SEM image of the evaporated BaSi 2 film deposited at T sub = 650 ˚C and R = 2.8×10 3 nm/min. Dense film with a thickness of 320 nm is observed. It is noted that the BaSi 2 /Si interface is not flat, which was probably caused by the interdiffusion between the Ba-rich deposited atoms and Si substrate.
Using the single-phase BaSi 2 films fabricated at T sub = 600 and 650 ˚C, electrical properties were investigated by Hall measurement. All samples exhibited n-type conductivity. Fig.  3 shows the electron density (n) of the BaSi 2 films as a function of R. Interestingly, n decreases with R. At R = 64 nm/min, n is 4-9×10 18 cm −3 while it is 3×10 17 cm −3 at R = 2.8×10 3 nm/min. This result is an important finding, which enables us to control the carrier density of evaporated BaSi 2 films. Furthermore, the n values are even smaller than that of BaSi 2 film fabricated on a CaF 2 substrate (6×10 20 cm −3 [13] ). Because the film deposited on CaF 2 has microcrystalline layer at the bottom, it is suggested that the crystal quality of the Si layer which is involved in BaSi 2 formation has a significant influence on the electrical properties of BaSi 2 films.
Raman spectroscopy was used to analyze the crystal quality of the evaporated films. As shown in the inset of Fig. 4 , which is the Raman spectrum of the evaporated film deposited at T sub = 650 ˚C and R = 2.8×10 3 nm/min, five peaks appear in a range of 250-500 cm It is interesting to note that both of n and the FWHM of Raman band decrease with increasing R. This agreement of trend suggests that the majority carrier in evaporated BaSi 2 films originates from crystal defects. It is therefore important to find out the reason of crystal quality change.
One possible reason of the crystal quality change is a composition deviation from stoichiometry. It should be reminded that the vapor composition changes from Ba-rich to Si-rich as evaporation proceeds [11] . When R is low, vapor composition gradually changes to Si-rich during several minutes. In this case, the Ba-rich part deposited at early stages may react with Si substrate to form BaSi 2 before Si-rich vapor is deposited. As a result, the film is possibly more Si-rich at lower R. Point defects caused by the composition deviation may, hence, be the crystal defects detected by Raman spectroscopy, and also be the origin of the majority carrier. This finding implies the ways to control the electrical properties of BaSi 2 by the fabrication process, which would be useful for solar cell and other device applications.
In order to evaluate the applicability of the present BaSi 2 films to solar cell devices, we fabricated an n-BaSi 2 /p + -Si abrupt junction. Fig. 5 shows the current density-voltage characteristics of the n-BaSi 2 /p + -Si structure formed by thermal evaporation at T sub = 650 ˚C and R = 2.8×10 3 nm/min. Here, voltage was applied to the Si substrate with respect to the BaSi 2 film. Rectification due to the pn junction can be clearly observed. As shown in the inset, which displays the calculated band alignment of the measured device structure, the depletion layer mostly extends to the BaSi 2 layer since we used a low resistivity substrate with a carrier density of 10 . This indicates that the bias voltage was successfully applied to the BaSi 2 layer. However, current saturation is not observed when reverse voltage is applied, indicating significant leakage current flows through the junction. One possible reason of leakage is crystal defects such as grain boundary because the grain size of the present BaSi 2 films is on the order of 100 nm. It is therefore desirable to further improve the crystal quality of BaSi 2 films by decreasing crystal defects. Solar cell characteristics were also investigated by using the n-BaSi 2 /p+-Si junction with a transparent electrode at the top under one-sun illumination. However, photovoltage was not observed. This is probably due to the surface oxide layer of BaSi 2 , which prevents photocurrent from flowing out of the BaSi 2 layer. The thickness of the native oxide layer of BaSi 2 is reported to be 8 nm [16] . It is also reported that power conversion efficiency is significantly improved by capping of the BaSi 2 layer with a-Si, which prevent the formation of native oxide [8] . A next target structure will therefore be the nBaSi 2 /p + -Si structure capped with amorphous Si.
VI. CONCLUSION
We have investigated the electrical properties of the BaSi 2 films fabricated on Si substrates by thermal evaporation. It has been found that BaSi 2 films can be grown at a wide R range of 64-2.8×10 3 nm/min at high T sub values of 600 and 650 ˚C. Interestingly, carrier (electron) density decreases with increasing R, which is probably related to a similar decreasing trend of the amount of crystal defects, as evidenced by Raman spectroscopy. Using the lowest carrier-density film, an nBaSi 2 /p + -Si abrupt junction was formed, which demonstrated a clear rectification behavior.
